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57 ABSTRACT

A tendency of the controlled load to oscillate when control-
ling a capacitive load can be avoided according to a piezo
actuator for an injection valve of an internal combustion
engine, having charging and discharging processes for charg-
ing and discharging the capacitive load by means of a load
current, each loading process being effected by chronological
partial load current pulses according to chronological partial
charging capacity pulses (pl, p2, . . . pn), wherein the enve-
lope (E) of the partial charging capacity pulses (pl, p2, . . .
pn), during the loading process, increases in a strictly
monotonous manner in an initial phase, and the slope of the
envelope decreases in a monotonous manner.
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METHOD AND DEVICE FOR CONTROLLING
A CAPACITIVE LOAD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. national stage application of
International Application No. PCT/EP2006/062928 filed Jun.
6, 2006, which designates the United States of America, and
claims priority to German application number 10 2005 026
217.1 filed Jun. 7, 2005, the contents of which are hereby
incorporated by reference in their entirety.

TECHNICAL FIELD

The present invention relates to a method for controlling a
capacitive load, in particular a piezoelectric actuator for an
injection valve of an internal combustion engine. The inven-
tion also relates to a device for carrying out such a control
method.

BACKGROUND

Methods and devices of this kind are known for example
from DE 199 44 733 A1, DE 198 14 594 Al and DE 199 52
950 Al.

The recently tightened engine exhaust emission standards
in particular have caused the motor vehicle industry to
develop fuel injectors with fast and instantaneously operating
final control elements or actuators. In terms of the practical
implementation of such final control elements, piezoelectric
elements (piezo actuators for short) have proved particularly
advantageous. Piezoelectric elements of this kind are gener-
ally assembled as a stack of piezoceramic disks which are
operated via a parallel electric circuit in order to be able to
achieve the electric field strengths necessary for a sufficient
displacement.

To control a capacitive load such as a piezo actuator which
is used for actuating an injection valve, i.e. during charging
and discharging of the capacitive load by means of a load
current, considerable requirements are placed on the control
electronics. An injection valve operated by a piezo actuator is
used in internal combustion engines for injecting fuel (e.g.
gasoline, diesel, etc.) into a combustion chamber. This places
very exacting requirements on precise and reproducible
opening and closing of the valve and therefore also on the
control electronics, with voltages ranging up to several 100V
and, transiently, load currents for charging and discharging of
more than 10 A having to be provided. Control mainly takes
place in fractions of milliseconds. At the same time, the
current and voltage must be fed to the actuator in as controlled
a manner as possible during these charging and discharging
processes.

DE 199 44 733 Al discloses a circuit arrangement for
controlling a piezo actuator in which the actuator is charged
by a charging capacitor via a transformer. For this purpose a
charging switch disposed on the primary side of the trans-
former is controlled by a pulse width modulated control sig-
nal. Both the charging switch and the discharging switch are
implemented there as controllable semiconductor switches.
Predefined energy packets are fed to and removed from the
piezo actuator during charging and discharging respectively.
The disclosed arrangement is based on the principle of a
“bidirectional flyback converter” and allows precise appor-
tioning of energy during charging and discharging of the
piezo actuator.
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DE 198 14 594 Al describes a circuit arrangement for
charging and discharging a single piezoelectric element. The
control circuit disclosed is based on a half-bridge output stage
which controls the piezo element via an inductor (choke), said
choke being used primarily to limit the charging current
occurring during charging and the discharging current occur-
ring during discharging. Charging and discharging take place
in a pulsed manner, i.e. by repeated opening and closing of a
charging switch during charging and of a discharging switch
during discharging, respectively. This again allows precise
apportioning of energy during charging and discharging of
the piezo actuator.

DE 199 52 950 Al discloses a control unit for a piezo
actuator in which the piezo actuator is controlled by an output
stage designed as a “flyback converter”. The flyback con-
verter with transformer used here enables the electrical
energy supplied during the charging process to be largely
recovered during discharging, temporarily stored in the con-
verter and reused for the subsequent charging process. To
charge the piezo actuator, a charging switch connected in
series with the primary side of the transformer is operated
intermittently. When the charging switch is closed, the cur-
rent flowing on the primary side is compared with a reference
current value. When the primary current attains the reference
current value, the charging switch is opened again. This pro-
cess is carried out repeatedly, so that each charging operation
is effected by consecutive (secondary side) partial charging
current pulses corresponding to consecutive partial charging
power pulses. The time integral of each secondary-side partial
charging power pulse represents an energy pulse on the sec-
ondary side of the transformer, the value of which is defined
by the prevailing reference current value. In a first embodi-
ment (FIG. 2,) the reference current value is set to a constant
value during the charging process so that, on the secondary
side, consecutive pulses of constant energy for charging the
piezo actuator are generated. In another embodiment (FIG.
3), the charging process is started with a relatively large
energy pulse which is followed by successively smaller
energy pulses. In yet another embodiment (FIG. 4), an essen-
tially cosine waveform of'the reference current value is speci-
fied.

The problem with comparatively fast control of the capaci-
tive load, as is required particularly for actuating an injection
valve of an internal combustion engine, for example, is the
risk of post-oscillation of the actuator because of mechanical
and/or electrical resonances at the end of each charging or
discharging process. When an actuator is controlled in such a
way that a charging phase is followed by a holding phase and
finally by a discharging phase, this may result in e.g. post-
oscillation in the holding phase and/or discontinuities during
activation or deactivation of the actuator. These effects are
more pronounced the more rapidly the charging and discharg-
ing processes brought about by the pulsed current flow take
place. In addition, many capacitive loads in practice possess a
variable large signal capacitance or nonlinearities, which
makes it difficult to achieve a particularly well defined energy
input or output response and tends to increase and complicate
the abovementioned oscillation or post-oscillation effects.
When the capacitive load is a piezo stack, not only nonlin-
earities but also polarization losses and creep effects, etc.
occur. Finally, for controlling an actuator for an injection
valve of an internal combustion engine, transfer function
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effects of other coupling elements (e.g. hydraulic converters,
hydraulic backlash compensation, levers, coupling rods, etc.)
are also present.

SUMMARY

The post-oscillation tendency of the controlled load can be
reduced according to an embodiment, by a method for con-
trolling a capacitive load comprising the steps of: charging
and discharging respectively of the capacitive load by means
of'a load current, wherein the step of charging is effected by
consecutive partial charging current pulses corresponding to
consecutive partial charging power pulses, wherein, during
the step of charging, the envelope of the partial charging
power pulses rises strictly monotonically in an initial phase in
which the slope of the envelope falls oft monotonically, and
wherein during the step of charging, a maximum of the enve-
lope is reached at a time instant which is spaced 30% to 70%
of'the duration of a charging process away from the start of the
charging process.

According to a further embodiment, during the charging
process, the envelope of the partial charging power pulses
may fall strictly monotonically in an end phase in which the
slope of the envelope increases monotonically. According to
a further embodiment, the initial phase of the charging pro-
cess may immediately be followed by the end phase of the
charging process. According to a further embodiment, more
than 10 partial charging current pulses can be provided for the
charging process. According to a further embodiment, the
load current can be produced by smoothing a transformer
secondary current. According to a further embodiment, the
slope in the initial phase of the charging process may decrease
by at least a factor of 2. According to a further embodiment,
during the charging process, the absolute value of a maximum
of the envelope may be operationally variable in order to set
a total charging energy. According to a further embodiment,
during the charging process, a maximum of the envelope can
bereached at atime which is operationally variable in order to
set a total charging energy. According to a further embodi-
ment, both in the initial phase of the charging process and in
the end phase of the charging process, the envelope may
possess an essentially exponential shape. According to a fur-
ther embodiment, each discharging process may be effected
by consecutive partial discharging current pulses correspond-
ing to consecutive partial discharging power pulses, and dur-
ing the discharging process, the envelope of the partial dis-
charging power pulses may fall strictly monotonically in an
initial phase while the slope of the envelope increases mono-
tonically. According to a further embodiment, for controlling
a piezo actuator for an injection valve of an internal combus-
tion engine, fuel injection may take place during an injection
interval in an injection sequence comprising a plurality of
individual injections. According to a further embodiment, for
controlling a piezo actuator for an injection valve of an inter-
nal combustion engine, closed-loop injection quantity control
can be provided in which a deviation between a wanted fuel
injection quantity and an actual fuel injection quantity is
measured and taken into account for a subsequent injection
for the control thereof.

According to another embodiment, a device for controlling
a capacitive load may comprise means for charging and dis-
charging respectively of the capacitive load by a load current,
wherein the means are operable to effect the charging by
consecutive partial charging current pulses corresponding to
consecutive partial charging power pulses, and the means are
further operable to charge such that the envelope of the partial
charging power pulses rises strictly monotonically in an ini-
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tial phase in which the slope of the envelope falls off mono-
tonically, and a maximum of the envelope is reached at a time
instant which is spaced 30% to 70% of the duration of a
charging process away from the start of the charging process.

According to a further embodiment, the device may further
comprise means for specifying a time-dependent partial
charging energy setpoint value during the charging process
and an output stage for generating the partial charging power
pulses of the load current whose energy corresponds to the
currently specified partial charging energy setpoint value.
According to a further embodiment, the means for specifying
the time-dependent partial charging energy setpoint value
may comprise an RC element to which a reference voltage is
applied.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in greater detail on the
basis of exemplary embodiments and with reference to the
accompanying drawings, in which:

FIG. 1 shows a block diagram of a device for controlling a
piezo actuator,

FIG. 2 shows the time characteristic of partial charging
power pulses and their envelope in the case of a charging
process,

FIG. 3 shows the time characteristic of a plurality of charg-
ing and discharging processes in which both the envelopes of
the power pulses (FIG. 3 upper) and the resulting strokes
(FIG. 3 lower) of the piezo actuator are illustrated,

FIG. 4a shows the time characteristic of the actuator stroke
in the case of conventional actuator control,

FIG. 4b shows the time characteristic of the actuator stroke
in the case of actuator control according to an embodiment,

FIG. 5a shows a diagram illustrating how the total charging
energy can be varied by varying a changeover point between
an initial phase and an end phase of the charging process,

FIG. 56 shows a diagram illustrating how the total charging
energy can be varied by varying the absolute value of an
envelope maximum during the charging process, and

FIG. 6 shows a general circuit diagram illustrating how
exponential characteristics of the kind used to form the charg-
ing or discharging characteristic can be produced using
simple circuitry.

DETAILED DESCRIPTION

It is provided according to various embodiments that, dur-
ing the charging process, the envelope of the partial charging
power pulses rises strictly monotonically in an initial phase
and the slope of the envelope falls off monotonically in this
phase. An essential feature of this initial phase of the “power
curve” is that the change with respect to time on the one hand
and the change with respect to time of the slope on the other
are of opposite sign.

It has been found that a rising edge of the power curve
(envelope) shaped in this way substantially reduces the ten-
dency to post-oscillation at the start of the pulsed charging
process. In addition, the uniformity of the energy input during
the charging process is also improved.

Circuit concepts known per se, whereby an appropriate
output stage is operated in a pulsed manner to generate the
load current, are basically suitable for implementing the
power curve shape according to various embodiments in
terms of circuitry. In such output stages or switch-mode con-
verters, inductive elements are mainly used to charge the
capacitive load in a controlled manner (e.g. flyback, buck-
boost or SEPIC converters). The charging process in this case
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is composed of a plurality of individual partial charging pro-
cesses, each partial charging process representing a partial
charging current pulse flowing to the load or a partial charging
power pulse transmitted to the load. During operation accord-
ing to an embodiment of such an output stage, the transferred
energy of the individual partial charging power pulses varies
in the above described manner in the initial phase of each
charging process.

In a preferred embodiment it is provided that, during the
charging process, the envelope of the partial charging power
pulses falls off strictly monotonically in an end phase and the
slope of the envelope increases monotonically in this phase.
Inthis case, the envelope of the partial charging power pulses
overall (viewed over initial and end pulses) has approxi-
mately the shape of a shark fin, thereby enabling the above-
mentioned disadvantageous effects to be reduced still further.
This is based on the fact that, also for the end phase of the
charging process, a time characteristic of the envelope is then
present in which the change with respect to time and the
change of the slope with respect to time are constant and of
opposite sign.

In this case the end phase can follow the initial phase of the
charging process immediately. Alternatively, between the end
of'the initial phase and the start of the end phase another phase
can be provided in which the slope of the envelope is prefer-
ably constant. Such a constant slope can possess e.g. the value
0 or a value corresponding to the slope at the end of the initial
phase.

In a preferred embodiment, more than ten partial charging
current pulses (and correspondingly more than ten partial
charging power pulses) are provided for the charging process.
Preferably at least 30% of these pulses are allotted to the
initial phase of the charging process. If the abovementioned
end phase is provided, likewise at least 30% of the pulses are
allotted to said end phase.

Preferably the individual partial charging current pulses or
partial charging power pulses are subject to a periodic pattern,
i.e. follow one another in a periodic time sequence.

In one embodiment, it is provided that, during the charging
process, the load current for the capacitive load is provided by
smoothing partial charging current pulses or partial charging
power pulses induced on the secondary side of a transformer,
it additionally being preferred that, for this purpose, a pulsed
primary current be applied to the primary side of the trans-
former, said primary current falling sharply between primary
current pulses, e.g. essentially to 0 or e.g. to a value in the
range +/-10% of the previous current maximum in the pri-
mary current.

In respect of reducing the post-oscillation tendency, it has
been found advantageous if the slope of the envelope
decreases by at least a factor of 2 in the initial phase of the
charging process.

In a preferred embodiment, an envelope maximum during
the charging process is reached at a point in time which is
spaced 30% to 70% of the duration of the charging process
away from the start of the charging process. This means that
a certain minimum spacing between the “power curve” maxi-
mum and both the start and end of the charging process is
ensured, thereby enabling an extremely rapid rise to the maxi-
mum or an extremely rapid fall after the maximum to be
avoided, particularly if, also for the end phase, the shape of
the envelope is such that the change in the value of the enve-
lope and the change in the slope of the envelope are of oppo-
site sign.

In practice it is often desirable to set the total charging
energy, i.e. the energy stored in the load during a charging
process. According to various embodiments, two possibilities
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have been found to be particularly advantageous for this
purpose. On the one hand it can be provided that the absolute
value of an envelope maximum attained during the charging
process is operationally variable. On the other, alternatively
or in addition, the point in time at which an envelope maxi-
mum is reached during the charging process can be opera-
tionally variable. In both cases, the envelope maximum can be
attained e.g. at the end of the initial phase of the charging
process.

The particular rise of the envelope provided according to an
embodiment in the initial phase of the charging process can be
provided, for example, in an essentially exponential manner.
An essentially exponential shape of this kind is also suitable
for implementing the above described end phase of the charg-
ing process (but then falling instead of rising). In one embodi-
ment, the envelope possesses an essentially exponential shape
both in the initial phase of the charging process and in the end
phase of the charging process. As will be explained below,
exponential partial shapes of the envelope also possess the
practical advantages of simple implementability in terms of
circuitry.

According to an embodiment, it is provided that each dis-
charging process is effected by consecutive partial discharg-
ing current pulses corresponding to consecutive partial dis-
charging power pulses, the envelope of the partial discharging
power pulses during the discharging process falling strictly
monotonically in an initial phase and the slope of the envelope
increasing monotonically in this phase.

This means that the initial phase of the discharging process
possesses a quality (power curve shape) corresponding to the
initial phase of the charging process, namely with a strictly
monotonic rise of the envelope in absolute value terms with
the slope simultaneously decreasing monotonically in abso-
Iute value terms. According to various embodiments, the
advantages described for the charging process also apply to
the discharging process, as the discharging of the load is to
some extent the opposite (reverse) process to its charging. In
practice, however, the charging process or rather a reduction
of discontinuities or oscillation during and immediately after
the charging process, is often of greater relevance. This is the
case, for example, when the capacitive load is an actuator of
an injection valve of an internal combustion engine. In this
case, e.g. post-oscillation of the actuator after the charging
phase (i.e. in a more or less lengthy holding phase of the
actuator, for example) is very problematic in connection with
injection quantity regulation when it comes to determining
(e.g. detecting) the actual characteristic of the injection valve
stroke, particularly the time of attaining full opening and the
start of the valve closing process (at the end of the holding
phase). Particularly oscillations of the actuator stroke in the
holding phase can considerably reduce the validity of an
actual value measurement of this kind. In comparison, post-
oscillation at the end of the discharging process is of lesser
significance in practice, as at this time the injection valve is
closed and remains closed even in the event of post-oscilla-
tion of the actuator stroke (provided the amplitude is not
excessive). In other words, in the case of an actuator-operated
fuel injection valve, uncontrollable or more precisely ill-
defined oscillations are more problematic the larger the cur-
rent actuator stroke or injection valve stroke (or control valve
stroke in the case of a servo valve).

Although the discharging process is therefore less relevant
for load control in the special case of controlling an injection
valve actuator, all the embodiments or developments
described above for the charging process can also be used
quite generally for the discharging process in order to
improve the control action still further.
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To some extent the envelope of the partial discharging
power pulses can essentially be a “point symmetric version”
of the envelope of the partial charging power pulses, all the
development aspects described in claims 2 to 11 being imple-
mentable (taking into account the “opposite sign for discharg-
ing”).

Thus, for example, during the discharging process the
envelope of the partial discharging power pulses can rise
strictly monotonically in an end phase, with the slope of the
envelope decreasing monotonically (cf. claim 2).

A particularly preferred use of the various embodiments is
that of controlling a piezo actuator for an injection valve of an
internal combustion engine, particularly with fuel injection
during an injection interval in an injection sequence compris-
ing a plurality of individual injections, the term “injection
interval” referring to the period of time in the (cyclical ) opera-
tion of the internal combustion engine in which fuel is to be
supplied to the combustion chamber. In this injection interval,
e.g. one or more main injections (in the case of an internal
combustion engine of conventional design e.g. at a crankshaft
angle of 0° TDC) can take place, whereas one or more pos-
sibly provided pre-injections and/or post-injections can take
place appreciably before or after the main injection or injec-
tions. Another typical characteristic of the pre- and post-
injections is their much lower maximum value of the indi-
vidual injection quantity compared to a main injection. This
in turn means a typically much greater maximum value of the
injection valve opening time (injection time) for main injec-
tions compared to pre- and post-injections. The accuracy of
the quantity of fuel injected in an injection interval can be
significantly improved using the various embodiments.

The reduction in the tendency to oscillate of the valve drive,
for example, that can be achieved according to an embodi-
ment already increases per se the accuracy of fuel metering.
The use of the various embodiments in conjunction with
injection quantity control in which a deviation between a
required fuel injection quantity and an actual fuel injection
quantity is measured and taken into account for a subsequent
injection for the control thereof, offers the additional advan-
tage that the actual fuel injection quantity tends to be more
precisely measured, which ultimately further increases the
fuel metering accuracy.

A preferred device for carrying out the method according
to an embodiment comprises means for specifying a time-
dependent partial charging energy setpoint value during the
charging process and an output stage for producing the partial
charging power pulses of the load current whose energy cor-
responds to the currently specified partial charging energy
setpoint value.

According to a preferred concept, in the output stage, cur-
rent is applied to an inductor at least during a charging pro-
cess, said current being allowed to fluctuate (e.g. periodi-
cally) between a minimum value (e.g. at least approximately
0) and a maximum value, the partial charging energy setpoint
value specified on a time-dependent basis corresponding to
the maximum current. This means that each time current is
applied to the inductor, energy is stored therein which is
proportional to the square of the maximum current value. This
energy temporarily stored in the inductor is, according to the
concept, then reversed with respect to the capacitive load
directly or indirectly (via an inductively coupled second
inductor) and via a smoothing output filter. A time character-
istic according to an embodiment of the partial charging
energy setpoint value or of the maximum current value (e.g.
exponential) then allows the load to be supplied with power,
the characteristic of which possesses the required shape (e.g.
again exponential).
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The output stage used here can be implemented in a variety
of'ways. Suitable circuit concepts will be generally known to
the person skilled in the art. In one embodiment, the output
stage is implemented, for example, as a buck-boost converter.
Here a charging switch and a discharging switch can be
disposed as a half-bridge between the terminals of a supply
voltage source in order to adjust a load control voltage at a tap
between the switches, which voltage is applied to the capaci-
tive load e.g. via a current-limiting component (e.g. choke
coil). When using semiconductor switches for the charging
and discharging switches, these are embodied e.g. as power
MOS field effect transistors (MOSFETSs) or as insulated gate
bipolar transistors (IGBTs). A suitable control signal is then
applied to the control terminals of these semiconductor
switches by a control unit, so that the envelope of the partial
charging power pulses (and possibly of the partial discharg-
ing power pulses) possesses the special shape described
above.

Ifthe envelope of the charging process and/or the envelope
of the discharging process is to possess an exponentially
shaped segment, this segment can be particularly easily
implemented in terms of circuitry if the means for specifying
the time-dependent partial charging energy value include an
RC element with a predefined voltage applied.

FIG. 1 shows a block diagram of a circuit 10 for controlling
apiezo actuator P which is connected to an output stage 14 of
the circuit 10. The output stage 14 supplies a current Ip for
charging and discharging the piezo actuator P.

The output stage 14 can be implemented as a conventional
switch-mode converter, i.e. as a buck-boost, flyback or SEPIC
converter, and supplies the current as a function of a control
signal S (e.g. one or more control voltages) which is provided
by a control unit 12 of the circuit 10 on the basis of a control
input and taking account of measured values which are deter-
mined in the region of the output stage 14 and/or the region of
the piezo actuator P (e.g. piezo voltage Up and/or piezo
current Ip).

The circuit 10 forms part of a so-called engine control unit
for an internal combustion engine and is used for controlling
a plurality of piezo actuators of a fuel injection system. For
the sake of simplicity of representation, only one of the piezo
actuators P requiring to be controlled by charging and dis-
charging is shown in FIG. 1. In a manner well-known per se,
aplurality of injectors can be controlled using an output stage
or a so-called “bank” of an output stage, e.g. by disposing
selector switches in the line connection between the output
stage and the individual piezo actuators P.

To generate an injection, the electrical output stage 14 must
charge the piezo actuator P of the relevant injector (charging
process), then leave this electric charge in the actuator for a
certain time (holding phase) and then discharge the actuator
again (discharging process). In the exemplary embodiment
shown, the potential of a negative actuator terminal (“low-
side”) of the actuator selected by means of a selector switch
(not shown) is held at electric ground potential GND during
the injection, whereas a positive actuator terminal (“high-
side”) possesses a variable potential during the charging pro-
cess and discharging process. The positive actuator terminal
is typically brought to a voltage of'e.g. 150V referred to the
negative actuator terminal during the charging process. The
associated lengthening of the piezo ceramic is mainly not
used directly for operating the actual fuel injection valve, but
acts on a so-called control valve by means of which the
hydraulic pressure ratios in the region of an injection valve
body (nozzle needle) can be varied in order to be able to
actuate said valve body hydraulically by means of the pres-
sure of the fuel fed to the injector (servo principle).
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To reduce pollutants and engine noise and to increase
engine performance, it is desirable that the injectors can inject
both very small, precisely measured and also very large fuel
injection quantities into the combustion chamber of the inter-
nal combustion engine in question, even after many operating
cycles. The fuel to be injected in the injection interval of the
internal combustion engine in question is also mainly injected
in an injection sequence comprising a plurality of individual
injections (pre-injections, main injections and post-injec-
tions).

The tight quantity tolerances demanded in practice are best
implemented by means of a closed control loop in which the
injection quantity is measured e.g. indirectly by means of a
suitable sensor and the control parameters are adapted
accordingly for the next injection.

The control unit 12 effects pulsed operation of the output
stage 14 in such a way that each charging process and each
discharging process is composed of many individual partial
charging processes and partial discharging processes respec-
tively. The resulting high frequencies permit the use of
smaller and cheaper reactive elements in the region of the
output stage 14.

FIG. 2 illustrates the time sequence of partial charging
power pulses pl, p2, . . . pn, the totality of which (n pulses)
produces a charging power response which can be most sim-
ply characterized by the envelope E of the individual partial
charging power pulses. In the example shown, these indi-
vidual power pulses or current pulses follow one another with
a fixed period Tp.

In this case the envelope E of the charging power pulses p1,
P2, ... pnpossesses a particular shape with two different time
phases before and after a “changeover instant” ts:

In an initial phase, the envelope E rises strictly monotoni-
cally during the charging process, the slope of the envelope E
falling off monotonically at the same time. This initial phase
ends at ts with a slope which is reduced by approximately a
factor of 10 compared to the slope with which the charging
process began.

Atthe end of the initial phase (at ts), the envelope E attains
a maximum which is immediately followed by an end phase
of the charging process in which the envelope E falls strictly
monotonically, the slope of the envelope E increasing mono-
tonically at the same time.

During the charging process, the envelope E as a whole
therefore possesses approximately the shape of a shark fin, in
the example shown the initial phase (leading edge) and end
phase (trailing edge) each being formed from approximately
half of the power pulses pl, p2, . . . pn.

By means of a filter (e.g. passive low-pass filter) not shown
in FIG. 1 at the output of the output stage 14, a degree of
smoothing of the current or power pulses shown in FIG. 2 is
provided when the piezo actuator P is energized, but with the
envelope of the “power curve” or the “time-averaged power”
measurable at the piezo actuator P still retaining the above-
described quality (shark fin).

FIG. 3 shows the time characteristic of the power applied to
the piezo actuator P over a longer period in which two injec-
tions (e.g. main injections of an injection sequence) take
place. In the upper part of FIG. 3 the output stage power Pp is
plotted against time t (envelope E), whereas in the lower part
of FIG. 3 the resulting stroke s of the piezo actuator P is
plotted as a function of time t.

The first individual injection is initiated by a power pulse
sequence by selecting an envelope E of the type described
with referenceto FIG. 2. After a time duration (holding phase)
predetermined by the control unit 12, pulsed discharging of
the actuator P occurs with an envelope of the partial discharg-
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ing power pulses, which essentially constitutes a point sym-
metric version of the above-described envelope E for charg-
ing. The charging process, holding phase and discharging
process produce the actuator stroke characteristic s(t) sche-
matically illustrated in the lower part of FIG. 3 which occurs
a second time in the period shown.

Selecting the “shark fin shape” for the charging and dis-
charging characteristics advantageously produces a reduction
in the tendency to oscillation in the actuator stroke s(t) as a
result of the pulsed control principle. This advantageous
effect compared to a conventional (e.g. rectangular) shape of
the power curve during charging is schematically illustrated
by means of FIGS. 44 and 44.

FIG. 4a schematically illustrates the time-dependent
response of the actuator stroke s(t) for conventional pulsed
control. It can be seen that this manipulated variable s is
overlaid both during the rise (charging process) and also
thereafter (holding phase) by a more or less large oscillation
which has a negative effect on the accuracy of fuel metering
for the injection and also on the measuring accuracy of the
actual injection quantity of that injection.

In comparison, FIG. 45 schematically illustrates the time-
dependent actuator stroke s(t) for control according to an
embodiment using shark-fin-shaped envelopes of the power
pulse sequences during the charging and discharging pro-
cesses. It can be seen that in particular the discontinuities in
the charging phase (increase of s(t)) and the post-oscillation
amplitude in the holding phase (plateau of s(t)) are reduced,
thereby improving the fuel metering accuracy, particularly
when using closed loop fuel quantity control.

FIGS. 5a and 55 illustrate two possibilities for varying the
total charging energy with which the piezo actuator P is
charged at the end of the charging process.

The possibility shown in FIG. 5a consists of operationally
varying the point in time (changeover instant ts) at which the
maximum of the envelope E is attained. In this case the
duration of the initial phase of the charging process is vari-
able. The dashed line in F1G. 54 represents a second charging
power curve for which the changeover time has been moved
back from ts to ts' and the end phase (trailing edge) begins
correspondingly later. The shaded area in FIG. 5a character-
izes the increase in the total charging energy resulting from
this shifting of the changeover time. If required, the total
charging time can be left unchanged by continually “cutting
off” the power curve Pp(t) after a specified total time (not
shown in FIG. 5a).

Inthe case of the possibility shown in FIG. 54, the absolute
value of the maximum of the envelope E is operationally
varied (while retaining the changeover instant ts). This means
that the absolute value of the power Pp is varied both in the
initial phase and in the end phase of the charging process. This
is illustrated in FIG. 54 using the example of a dashed-line
envelope whose maximum has been increased by an amount
APp. The shaded area again characterizes the associated
increase in the total charging energy achieved at the end of the
charging process. To ensure an unchanged total charging
time, in the example shown the power curve of Pp(t) is cut off
after a specified total time.

The possibilities shown in FIG. 54 and FIG. 54 for varying
the total charging energy, whether it be e.g. for representing
different injection quantities for a pre-injection and a main
injection or different injection quantities for main injections
of different injection intervals, can of course also be com-
bined with one another. Advantageously, the shark fin shape
of'the envelope E can be largely retained here irrespective of
the total charging energy set.
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If, in order to increase the total charging energy, the
changeover instant ts is shifted backward with the total charg-
ing time remaining unchanged, only the leading edge of the
shark fin of the charging is sampled at some point. Although
this changes the actuator stroke characteristic, which may
adversely affect e.g. detection of the voltage sensor signals in
the holding phase of an injector, it must be borne in mind that
higher total charging energies (and therefore e.g. a backward-
shifted changeover instant) are generally only required in the
case of comparatively high fuel pressures (e.g. “rail pressure”
in the case of a so-called common rail system) at which the
voltage sensor signals are more pronounced anyway and can
therefore often be sufficiently well analyzed in spite of actua-
tor post-oscillation. In this way, using a variable current shape
or power curve which can be smoothly varied between a
“shark fin with rising and falling leg” and a “shark fin with
rising leg only”, the dynamics of the energy adjustment range
can be increased and at the same time the advantages of the
“complete shark fin” can be utilized at low energy levels. This
means that the current shape can therefore be adapted to suit
the particular requirements of the operating point currently
being used.

The edge shapes of the envelope E to be defined in the
region of the control unit 12 (FIG. 1) or their scaling (e.g. as
shown in FIGS. 5a and 556) can each possess, for example, an
exponential form.

Exponential shapes of the envelope edges can be very
easily produced in terms of circuitry e.g. using an RC ele-
ment. This will now be explained with reference to FIG. 6.

FIG. 6 shows a circuit block for defining a signal (Uout)
which exhibits the shark fin shape of the above-described
envelope E during the charging process.

The circuit block comprises two parallel connected resis-
tors R1 and R2, to the first terminals of which fixed reference
voltages Urefl and Uref2 respectively are applied. The sec-
ond terminals of the resistors R1, R2 are optionally connected
to a first terminal of a capacitor C by means of a controllable
switching element S1 which is in practice implemented by
means of a transistor arrangement, the second terminal of the
capacitor being connected to electrical ground GND. The
signal waveshape Uout is provided at the first terminal of the
capacitor C.

At the start of the charging process, the changeover switch
S1 is in the switch position shown in FIG. 6. The second
reference voltage Uref2 is selected e.g. as 0 V (electrical
ground GND) so that the output voltage Uout is 0 V. The
charging process begins with the changeover of the switch S1
to the position in which the capacitor C is connected to the
first reference voltage Uref1 via the resistor R1. This results in
an exponential increase in the voltage Uout dropped across
the capacitor C (initial phase of the charging process). At the
abovementioned changeover instant ts, the switch S1 is reset
to the switch position shown in FIG. 6 so that the charge
stored in the capacitor C flows back via the second resistor R2
and the voltage Uout dropped across the capacitor C reduces
again exponentially, thereby producing the above-described
shark fin shape of the output voltage Uout. The time constants
of the exponential edges are determined by the values of the
reference voltages, resistors and capacitor.

In the circuit block according to FIG. 6, the scalings of the
envelope E described above with reference to FIG. 54 and
FIG. 5b can be implemented by a corresponding variation
(scaling) of the reference voltage Urefl or a shifting of the
changeover instant ts of the switch S1.

In a variant it is provided that the second reference voltage
Uref2 is scaled in conjunction with the first reference voltage
Urefl. This can be performed e.g. by tapping off Uref2 at a
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voltage divider to which Urefl is applied. For example, the
voltage divider can be dimensioned such that Uref2 corre-
sponds to a small fraction of Urefl, e.g. approximately %10
Urefl. The reference voltages are preferably provided at low
resistance or at the output of a buffer amplifier (or following
voltage divider) provided for that purpose.

Ifthe voltage Uout at the output of the circuit block shown
in FIG. 6 is to represent the envelope E of the partial charging
power pulse sequence pl, p2, . . . pn, this signal must finally
be used in a suitable manner to control the output stage 14.
This can be simply implemented e.g. for an output stage
comprising a transformer (e.g. according to the flyback prin-
ciple) by using the signal Uout (preferably again passed viaan
impedance-increasing buffer amplifier) for defining an enve-
lope of current pulses on the primary side of the transformer
(e.g. as a maximum current setpoint value of a primary cur-
rent fluctuating between a minimum and a maximum). The
exponential edges of such a primary-side current pulse enve-
lope then produce, on the secondary side, qualitatively cor-
responding power pulse envelope edges which are produced
by the transformer and fed to the piezo actuator P via a
smoothing output filter.

To summarize, the control arrangement according to an
embodiment has the advantage of comparatively robust shap-
ing of a desired characteristic of the actuator stroke s(t) and
therefore e.g. of the control valve stroke in a servo injection
valve of an injection system. In the latter field of application,
the following advantages in particular emerge:

Reduced discontinuities and oscillations in the elongation
of the piezo actuator ensure more precise opening of the
control valve, longer actuator service life and less injec-
tor noise.

Reduced post-oscillation ofthe control valve in the holding
phase allows easier detection of sensor effects in current
and voltage and prevents disturbances of the pressure
ratios in the control cavity of the injector.

Reduced post-oscillation of the control valve reduces
unwanted so-called “shot-to-shot™ quantity variations,
as the start of the discharging process is not affected by
the holding phase oscillation.

More stable closing of the control valve ensures more
precise injection quantities, a longer actuator service life
and less injector noise.

The shaping of the charging or discharging power is gen-
erally simple to implement in terms of circuitry, e.g. by
combining exponential functions. In addition, the charg-
ing or discharging waveshape can be adapted to the
instantaneously required energy during operation, with-
out thereby changing the advantageous characteristic of
the waveshape.

Easily implementable, operationally variable waveform
shaping creates a large dynamic of the energy adjust-
ment range. This allows, for example, the operation of
similarly operating proportional valves and/or enables
the usable actuator stroke to be increased.

What is claimed is:

1. A method for controlling a capacitive load comprising

the steps of:
charging and discharging respectively of the capacitive
load by means of a load current,
wherein the step of charging is effected by consecutive
partial charging current pulses corresponding to con-
secutive partial charging power pulses,

wherein, during the step of charging, the envelope of the
partial charging power pulses rises strictly monotoni-
cally in an initial phase in which the slope of the
envelope falls off monotonically and
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wherein during the step of charging, a maximum of the
envelope is reached at a time instant which is spaced
30% to 70% of the duration of a charging process
away from the start of the charging process.

2. The method according to claim 1, wherein, during the
charging process, the envelope of the partial charging power
pulses falls strictly monotonically in an end phase in which
the slope of the envelope increases monotonically.

3. The method according to claim 1, wherein the initial
phase of the charging process is immediately followed by the
end phase of the charging process.

4. The method according to claim 1, wherein more than 10
partial charging current pulses are provided for the charging
process.

5. The method according to claim 1, wherein the load
current is produced by smoothing a transformer secondary
current.

6. The method according to claim 1, wherein the envelope
is shaped such in the initial phase of the charging process that
the slope of the envelope decreases by at least a factor of 2.

7. The method according to claim 1, wherein, during the
charging process, the absolute value of a maximum of the
envelope is operationally variable in order to set a total charg-
ing energy.

8. The method according to claim 1, wherein, during the
charging process, a maximum of the envelope is reached at a
time which is operationally variable in order to set a total
charging energy.

9. The method according to claim 1, wherein, both in the
initial phase of the charging process and in the end phase of
the charging process, the envelope possesses an essentially
exponential shape.

10. The method according to claim 1, wherein each dis-
charging process is effected by consecutive partial discharg-
ing current pulses corresponding to consecutive partial dis-
charging power pulses, and wherein, during the discharging
process, the envelope of the partial discharging power pulses
falls strictly monotonically in an initial phase while the slope
of the envelope increases monotonically.

11. The method according to claim 1, for controlling a
piezo actuator for an injection valve of an internal combustion
engine, wherein fuel injection takes place during an injection
interval in an injection sequence comprising a plurality of
individual injections.

12. The method according to claim 1, for controlling a
piezo actuator for an injection valve of an internal combustion
engine, wherein closed-loop injection quantity control is pro-
vided in which a deviation between a wanted fuel injection
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quantity and an actual fuel injection quantity is measured and
taken into account for a subsequent injection for the control
thereof.

13. A device for controlling a capacitive load comprising:

means for charging and discharging respectively of the

capacitive load by a load current,

wherein the means are operable to effect the charging by
consecutive partial charging current pulses corre-
sponding to consecutive partial charging power
pulses, and the means are further operable to charge
such that the envelope of the partial charging power
pulses rises strictly monotonically in an initial phase
in which the slope of the envelope falls off monotoni-
cally, and a maximum of the envelope is reached at a
time instant which is spaced 30% to 70% of the dura-
tion of a charging process away from the start of the
charging process.

14. The device according to claim 13, comprising means
for specifying a time-dependent partial charging energy set-
point value during the charging process and an output stage
for generating the partial charging power pulses of the load
current whose energy corresponds to the currently specified
partial charging energy setpoint value.

15. The device according to claim 14, wherein the means
for specifying the time-dependent partial charging energy
setpoint value comprise an RC element to which a reference
voltage is applied.

16. The device according to claim 13, wherein the means
arc further operable to charge such that the envelope of the
partial charging power pulses falls strictly monotonically in
an end phase in which the slope of the envelope increases
monotonically, and the initial phase of the charging process is
immediately followed by the end phase of the charging pro-
cess.

17. The device according to claim 13, wherein more than
10 partial charging current pulses are provided for the charg-
ing process.

18. The device according to claim 13, wherein the load
current is produced by smoothing a transformer secondary
current.

19. The device according to claim 13, wherein the slope in
the initial phase of the charging process decreases by at least
a factor of 2.

20. The method according to claim 1, wherein the capaci-
tive load is a piezo actuator for an injection valve of an
internal combustion engine.
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